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Pretreatment Process to Remove Oxygen from Coal 
En Route to a Coal Pyrolysis Process as a Means of 
improving the Quality of the Hydrocarbon Liquid Product 

BACKGROUND OP THE INVENTION 

The extraordinarily formidable difficulties presented by 
heavy black tar formation in processes designed to produce fy*'* 
hydrocarbon*^ from SE^fiTS'S. fact that these 

heavy tars have posed insuperable problems in over 60 y of major 
R&D projects all over the world, particularly in Germany, France, 
Great Britain, China, Japan, and the U.S.. The work in the U.S. 
is particularly well documented; major expenditures by the Bureau 
of Mines, the Office of Coal Research, D.O.E., and the big oil 
companies have failed to yield a commercial process. The only 
pilot plant sufficiently successful to continue in operation is 
the Encoal Plant operated by a subsidiary of the Ziegler Coal Co. 
in Gilbert, WY with DOE funding. It operates on Powder River 
Basin sub-bituminous coal. The liquid product is tar of such a 
high viscosity (the pour point is about 90°F) that it has been 
utilized only in boiler furnaces built to operate on No. 6 

residual fuel oil The main ^JS^V^ . 

plant 9 \i that £he char produced has been dewatered^so that its tttgj**' 
heat content per pound is much increased, and this reduces 

shipping costs. 

The bulk of the literature on coal pyrolysis published in 

the past 50 years has been concerned with either small-scale 

bench tests with small quantities of coal - generally less than 

a gram — or pilot plants employing gas-f luidized beds with coal 

through-flows of a few tons per day. The experiments in the 



former were generally carried out under exquisitely controlled 
conditions, often with only a few particles of coal in a vacuum 
or an inert gas atmosphere; there is no mention of heavy black 
tar formation in these reports. However, in the literature on 
small pilot plants one finds that, whatever they might obtain in 

vis u$ *sr 

the way of a liquid product, it was generally a heavy^black tar. 4~£ r S 
This was ordinarily attributed to polymerization of lighter 
hydrocarbons by a sort of catalytic action of a high 
concentration of activated carbon fines. These fines are 
inherently entrained with the hydrocarbon vapors from a gas- 
fluidized bed because the flow of sweep gas required to fluidize 
the bed of coal particles is many times the flow of vapor evolved 
from the coal so that a great deal of fine particles is swept up 
out of the fluidized bed and entrained in the sweep gas. While 
the larger particles can be removed in a cyclone separator, those 
in the micron size range are carried off with the hydrocarbon 
vapor to the condenser. This solid particle contamination of the 
hydrocarbon liquid amounts to about 10% by weight of the 
condensed vapor, and presents formidable filtering problems as 
well as liquid quality degradation caused by polymerization. 



SUMMARY OF THE INVENTION 

Tests in the inventor's lab have shown that the entrainment 
of fine particles in the pyrolysis vapors can be reduced by a 
factor of about 10,000 if the gas-f luidized bed is replaced by a 
vibration-fluidized bed such as that in the system shown 
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diagrammatical ly in Figure 1. Thus it was expected that heavy 
black tar would not be a problem in the new concept of a vibrated 
bed coal pyrolysis system. However, when tests with small 
vibration-fluidized bed systems were initiated, severe 
difficulties with black tar formation were encountered. Efforts 
to cope with these problems disclosed that heavy black tar 
formation presents far more complex and intractable problems than 
had been apparent in reviews of the literature covering the R&D 
work with gas-f luidized beds in which researchers were 



overwhelmed with difficulties in trying to cope with high levels 
of particle entrainment, »i>*$Tf izA^ 3 Sf*<>'^ °' 




Other factors contributing to the formation of heavy tars 4~4-~97 



have been mentioned in the literature. The two most important of 
these were thought to be small amounts of oxygen that might get 
into the system in one way or another and act to polymerize the 
unsaturated hydrocarbons in the pyrolysis vapors, while the 
residence time of the pyrolysis vapors in the hot zone would 
determine the length of time that polymerization reactions would 
be likely to take place. In view of the fact that the solids 
content of the vapors leaving the vibration-fluidized bed is so 
low that a cyclone separator is not needed, the residence time in 
the hot zone can be kept far below that inherently required in 
gas-f luidized bed systems, hence the latter factor was not 
expected to be a serious problem. Oxygen in-leakage can be kept 
extremely low by designing and constructing the system to be 
quite leak-tight, and by operating it above atmospheric pressure 
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so that any leakage that might occur will be gas leakage outward, 

not air leakage into the system. 

A third factor barely mentioned in the literature was the 
possibility that oxygen might enter the pyrolysis process with 
the coal. While there are ample data in ultimate analyses on the 

, r^n in the coal ~ commonly from 2 to 7% - nothing 
amount of oxygen in the coax 

tA** fraction might be loosely bound and thus 
could be found on what fraction «uy» 

enter into polymerizing reactions, and what fraction might be 
tightly bound in stable Molecules such as phenols and cresols 
that would not for, active radicals that would initiate rapid 
polymerization reactions. 

Basic C ~ a1 rhgmistrv 

The term "coal" represents a class of carbonaceous 
substances formed over geological time beginning with decaying 

.. •■>,= first stage of the coalif ication 
vegetation. Peat represents the first stage 

process; as the process continues the moisture content decreases 
a „d the basic coal substance evolves hydrogen and oxygen as the 
percentage of carbon increases in the progression through the 
successive stages of lignite, sub-bituminous coal, bituminous 
coal, and anthracite which has a fixed carbon content of over 
90 %. The coals of primary interest for pyrolysis are the sub- 
bituminous and bituminous coals; these contain the largest 
percentage of volatile hydrocarbons that can be driven off by 
heating. "Pyrolysis" refers to the process of heating coal m 
the absence of oxygen to drive off and collect a mixture of gases 
and condensable vapors. The solid char residue contains 
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i „»„ fash) in the original coal, 
essentially all of the mineral matter (ash) 

and perhaps half of the original volatile matter. Pyrolysis - 
also referred to as -carbonisation" and as -miia gasificatio, » 
th e „.0... Clean Coal Technology Program, m the pyrolysis 
process, as the coal is heatea, moisture is evolvea initially, 
In - as aiscoverea by the inventors - loosely-bouna oxygen is 

„ „bout 350-F. Mild pyrolysis is arbitrarily 
evolved up through about 

de fined as the temperature range fro, 330 to 650'C. Th.s 
temperature range gives the best yields of hydrocarbons xn 
motor fuel volatility range. 

nnal nretreatment apparatus, a 
The invention provides a coal pretr 

^ • -i ~ a heater heats this bed to 
vessel holds a bed of coal parades. A heater 

• tha 200'C range, below the pyrolysis temperature 
a temperature m the 200 c rang , 

ot th e coal. * vibrating machine proauces ana controls the now 
of coal particles through the vessel. If a batch process is usea 

,^ f,o« the pretreatment vessel to a 
batches of coal are movea from the pr 

t( _, the entry of air that wouia 
pyrolysis retort, while preventing the entry 

, preferably the same apparatus 
contaminate the pretreated coal . Preferably 

is employed in such a way that it also serves to ary the coa 

h vibrating machine proviaes rapia mixing ana heating of 
coal stream entering the bea ana particle motion and bed flow 
patterns such as to proviae uniform exposure of inaiviaual 
particles to conaitions giving a iow partial pressure of oxygen 
wit h a relatively narrow spreaa in particle resiaence times. 

A stream o, hot furnace flue gas may be passe * % y 
w char. coKe or other material that will serve *ef oxygen ^ 
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so that flue gas can be employed as a sweep gas stream 
^ ' a low partial pressure of oxygen for heating ana ^ . Z .fT 





pretreating the coal feed to a pyrolysis process 

Another means of heating the coal in an atmosphere having a 
low partial pressure of oxygen is to employ non-condensable 
combustible gases in the off-gas from the pyrolysis process. 
This gas may be burned with less than the stoichiometric air flow 

- and the p Vfrtf «J *VS£5T 

supplied to the pretreatment process^ »>- 

ceramic balls of a larger size than the coal being processed 
might also be used as the heat transport medium to convey heat 
£r om a small furnace to the pretreatment bed. The larger ceramic 
balls can be screened from the pretreated coal and recycled 
u „ furnace The balls may be made of graphite, and the 

through the furnace. comtusuiU JfJ^r. 

furnace might be fired with non-condensable^gases from the +^.„ 
pyrolysis process. Geometric shapes other than spherical balls 
and/or materials other than ceramics can be employed if there are 
economic advantages to their use in place of roughly spherical 
ceramic balls. 

Piacement of the pretreatment vessel close to the pyrolysis 
vessel minimizes heat losses and possibilities for oxygen 
contamination of the pretreated coal before it enters the 

pyrolysis bed. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a schematic representation of a vibrating bed 
pyrolysis system with a pretreatment bed to remove oxygen. 

Figure 2 schematically shows a coal pretreatment system 
incorporated in a pyrolysis process utilizing ceramic balls for 
transporting heat between components. 

Figure 3A schematically represents the elements of molecular^ 

structures in flS*?** + 

Figure 3B is a schematic representation of structural groups 

and connecting bridges in bituminous coal. 

Figure 4 represents results of a preliminary study of 
percent CO concentration in exhaust gases in relation to the 
temperature in degrees fahrenheit for heat pretreatment of coal. 

Figure 5 represents carbon monoxide percent concentration in 
exhaust gases from a pyrolysis retort during a pyrolysis process. 

Figure 6 is a graphic prior art representation of gases 
released from coal during heating of the coal at a constant rate. 

Figure 7 is a graphic representation of oxygen concentration 
in the off-gas during pretreatment as a function of time from the 

initiation of a nitrogen purge. 

Figure 8 is a representation of a mass spectrograph for the 
liquid pyrolysis product obtained after pretreatment of coal at 

450°F to remove oxygen. 

Figure 9 is an expanded version of the molecular weight 
region from 30 to 40 for the data shown in Figure 8. 



Figure 10 is a graphic representation of effects of 
temperature on vapor pressures of typical liquids. 

Figure 11 is a graph of vapor pressure as a function of 

hydrocarbon concentration. 

Figure 12 is a chart showing hydrocarbon emission as a 

function of concentration in nitrogen. 

Table 1 is an identification of the molecular species shown 

in the mass spectrograph of Figure 8. 

Table 2 is a summary of the results of the tests of the 
gaseous products shown in Table 1. 

Table 3 presents data on the oxygen and CO concentrations in 
the gas § , leaving a pyrolysis retort as a function of time in a 
.fc~~p^sis test conducted 12-7-96. The last column gives the 
4#* 7 total oxygen released from the coal up to that point in the test. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

There are many ways in which the invention can be employed 
in a power plant utilizing a fluidized bed combustor. Figure 1 
shows a representative coal converter and combustor system 1 in 
which the vibrated bed pyrolysis system 3 is coupled to an 
atmospheric fluidized bed coal combustion furnace 5, commonly 
referred to as an AFBC. The fluidized bed 7 in this type of 
furnace usually consists mostly of limestone 9 or dolomite that 
calcines on heating to form CaO, a sorbent that gives good 
' retention of the S0 2 formed from the sulfur in the coal as it is 
burned at a temperature in the 1500 to 1650 °F range. Thus the 
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, ■ a articles 11 in the bed are CaO coated with a 
bul K of the solid particles ^ 

r a <;o crushed coal 13 is ieu 
hard layer of CaSO ^ ^ deoxygenator 

15 through a screw feeder 17 to a v 

» mounted ne*t to the vibrating hed pyroiysis retort . h 
tW o vibrating beds are counted on a vibrating machine 2 , ~ 

nator preheats the coal to around 400-F to drive off ^ ^ 
aeoxy^nator^rehea^ ^ ^ ^ ^ ^ pyrolysis be d, 



A 



.sew- 




Superficial moibtu^ 

. thp temperature range of atoour ^ 

Mhlc h will common. ggZ* [ J^ s pending on J*Z*" 
1000-F to 1250°F forthe A Ja*fe yiei A * 

coal used). ™«-ioture 

«. ^ v> e d serves to remove the oxygen, moisture 
The pretreatment bed serves 

fmm the coal before it 
an d the majority of the fine P^-^Jg^j- ^ £ines 
reaches the pyroiysis bed. tt e oxy g en,,«^ 

^ „«h nine 25 for burning the 
f low^ to the combustor 5 through pipe 

x.- and the hot solid particles 

fines. The crushed coal particles and 

nn„ to the pyrolizer 21 as shown by line 26. 
from the combustor flow to the pyr 

,.4- ot-T-<=am 27 is tapped 28 from 
The point at which the sorbent stream 

„ « is chosen to minimise the amount of fines, and the 
the combustor is cnosen 

-Hon air flow 29 through the fluidized bed in the 
high combustion air now 

„ff nractically all of the smaller 
furnace will naturally carry off practi 

particles as they are generated by attrition in the 

t of fine particles available for elutriation from the 
the amount of fine parti 

• • -^ri including the deoxygenator 19 in 
pyroiysis bed is minimized. Includi g 

in that it preheats the coal and 
system is also advantageous in that it p 
y loo ac- thev enter the 

• increases the heating rate of the particles 
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pyrolysis bed. Purther, the deoxygenator reduces moisture 
contamination of the product liquid. 

TO minimize the time that the product vapor is exposed 
high temperature, a ,* condenser 3! encased within a thermally- 
in sulated sleeve 33 is mounted in the freeboard 35 above the 
pyro lysis bed 37 to quench the hydrocarbon vapor product w^ith a 
"ciliated stream of the product Uquid that has been coo^ 
jus t above the boiling point of water, operating the condenser 

• • the amount of moisture in the 

in this temperature range minimizes the amoun 

„i The spray of droplets provides a uiir&Ce 
hydrocarbon condensate 41. factl veness 4"£-^ ' 

lar ge surface area in a compac V ondenser whose effectivene s 4 
wi ll not be degraded by the formation of tarry deposits on hea 
transfer surfaces. The Uquid and gaseous pyrolysis products 
saving the let condenser drain down to a header tanK 43 having 
Efficient volume so that the liquid collects in the lower part 
of th e tan, while the uncondensable vapors and gases 45 leave 

* f 1 o„ to the *FBC furnace along with the water vapor 

the top and flow to "cne **ru 

25 leaving the dryer. 

-ho the iet condenser 31 by 
The quench liquid 39 is pumped to the let 

, , where it is cooled by flowing 
the pump 47 through the cooler 49, where it 

ambient water 51 in and hot water 53 out. 

Th e stream 55 of char and sorbent leaving the pyrolysis bed 
U returned to the AFBC furnace by a gas Hft 57 driven by a 
.lower 59. The power required to drive the vibrating machine 
' and the gas lift blower 55 is about 0.1* of the net plant 

electrical output. That compares with about ...» for the power 
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required for the coal pulverizers in a conventional pulverized 
coal-fired steam power plant. 

The flow 27 of hot sorbent from the AFBC to the vibrating 
beds is controlled by L-valves 61 and 63 that also serve as flow 
meters . 

Product liquid 65 drains out through an overflow port 67 in 
the header tank 43 into the storage tank 69. 

From the environmental standpoint, the emissions are the 
same as for fluidized bed combustors fired with raw coal in the 
conventional fashion; installation of the pyrolysis system does 
not require any additional equipment to control emissions. 

The vibrating bed pyrolysis system is equally applicable to 
bubbling or entrained fluidized bed combustors, and can be used 
with atmospheric or pressurized fluidized bed combustors. The 
space required for the equipment of the vibrating bed pyrolysis 
system is about the same as for coal pulverizers^ 

Figure 2 shows another representative coal pyrolysis system 
that employs ceramic balls as the process heating medium rather 
than the hot lime-ash material from a fluidized bed combustor as 
in the process of Fig. 1. In the process of Fig. 2 the raw 
crushed and screened coal flows from the coal hopper 1 to the 
pretreatment vessel 2 en route to the pyrolysis retort 3 . A 
mixture of char from the coal and ceramic balls flows out of the 
retort 3 to a screen 4 in which the char particles, which are 
relatively small, fall through the screen and flow into the steam 
boiler furnace 5 where the char is burned to fuel the boiler. 
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The ceramic balls are sufficiently larger than the crushed coal 
so that they are skived off by the screen 4 and are conveyed 
upward via an air lift 6 to a hall heater 7. A portion of the 
heated balls flows out of the heater 7 to the pretreatment vessel 
2 to heat the raw coal to around 400'F, while the balance of the 
heated balls flows to the pyrolysis retort 3 to provide the heat 
required for the pyrolysis process which operates at a 
temperature of around 1050 -F. The vapors and gases driven out of 
the coal in the pyrolysis process flow upward to a condenser 8 . 
The condensate drains down to a liquid storage tank 9 while the 
non-condensable gases flow upward to the ball heater 7 where they 
are burned with air in a mixture less than stoichiometric so that 
the oxygen concentration in the gases leaving the ball heater is 
less than 50 ppm. A portion of this gas flows to the 
pretreatment vessel 2 as a sweep gas to carry off the oxygen 
evolved in the pretreatment process . After picking up oxygen 
from the coal , that gas with its increased oxygen content is 
returned to the ball heater 7 where the oxygen is consumed by 
combustion of the pyrolysis gases. 

At the risk of over-simplification, it seems worthwhile to 
take a brief look at the coal chemistry involved and examine some 
diagrams of the structure of some hydrocarbons obtained in coal 
pyroXysis. Coals are polymers, but since coaXs differ widely, no 
single molecular structure can represent all coals. Typical 
' elements of the structures are shown in Figure 3A, while a 

synthesized model of a typical coal polymer is shown in Figure 
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aiore. ai°J „ 01I vaen- free. atmosphere, some 

3B When heated^in pyrolysis an an oxygen ^ 

bonds in a structure such as that of Figure 3B are more easily 
broken than others, and breaking of these bonds sets free some 
lighter hydrocarbon molecules. Flash pyrolysis bench tests 
indicate that, for flash pyrolysis at temperatures in the range 
of 1000'F, these hydrocarbons have an average molecular weight of 
about 180. Prof. A. M. sguires uses the term scis^le_b^nds for 
the more readily broken bonds, and cites "hydrogen bridges, 
simple ether linkages between aromatic structures, and benzyl- 
benzyl carbon bonds - breaking in that order if the coal is 

heated slowly". 

Searches of the literature have failed to find any 
quantitative data on the relative importance of each of the three 
factors that have been believed to affect heavy black tar 
formation, i.e., the entrained carbon particle content of the 
vapors leaving the retort, the residence time of the hydrocarbon 
vapor in the hot zone, or the amount and form of oxygen that 
might enter the system with the coal. However, after extensive 
tests of small-scale pyrolysis systems in the inventor's lab, it 
became evident that heavy black tar formation in the vibrating 
bed coal pyrolysis system took place so rapidly in the pyrolysis 
retort that it must have stemmed from rapid reactions in the gas 
phase, so rapid that there is no practicable way of reducing the 
residence time in the hot zone sufficiently to avoid them. Onder 
any of the test conditions investigated, this tar presented such 
pernicious and subtle difficulties that test systems especially 
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designed for investigation of the problem were badly needed. 
Several such systems were built and tested; the results from 
these experiments led to a system that has consistently yielded 
low viscosity liquid, and this is the process presented in this 
patent • 

^t-K-s™ -in t-hP literature to indicate the precise 
There is nothing in ^^^J . HJLT***- 

sequence of the chain react flfa^ polymerization ^ 97 
reactions triggered by free oxygen in the pyrolysis retort. 
These reactions are so complex that it is exceedingly difficult 
to make experimental determinations of the steps in the 
reactions. An excellent recent paper by Carpenter, cited as a 
reference, indicates that the dynamics of these reactions is so 
complex that an analytical solution seems out of the question. 
TnventoT-fi' Expe riments 
n a nH rc> Peleas * from the Coal 

While there are many mentions in the literature of oxygen as 
a probable cause of heavy tar formation, the quantitative data on 
possibly acceptable oxygen concentrations found in the literature 
weren't very helpful. Most of the quantitative data on oxygen in 
coal were in ultimate analyses that cited values commonly running 
from 2% to 7% 0 2 by weight of the coal, but these references gave 
no indication of what fraction of that oxygen might come off as 
free oxygen when the coal was heated and what fractions might 
come off as H 2 0, CO, C0 2 , phenols, cresols, or other more complex 



compounds 
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The inventors' tests began with an investigation to 
determine the release of CO as a function of heating time in a 
nitrogen atmosphere because a CO meter was readily available. 
These tests yielded curves for the CO concentration in the 
exhaust gas as a function of time such as those in Figs. 4 and 5 
for the pretreatment and pyrolysis processes respectively. These 
curves show high CO release rates in sporadic bursts that 
occurred during slow heating at particular temperatures of about 
121, 177, 232, 288, and 510'C (250, 350, 450, 550 and 950°F) . 
The' high releases found at low temperatures are remarkably 
different from the complete absence of CO releases up to a 
temperature of 450°C, or 850°F, shown in Figure 6, which is 
typical of those in the literature. Note that these system tests 
indicate that the CO release comes in bursts at particular 
temperature regions, at least for the coals tested. 

When an oxygen meter became available, the same test 
procedure employed for the CO release rate was followed. The 
degassing pretreatment was started at room temperature and the 
oxygen concentration and coal temperature were observed as a 
function of time. The results are shown in Figure 7. While the 
amount of oxygen evolved is much less than the amount of CO, it 
is still substantial; oxygen is released even at room temperature 
when the coal is treated with a sweep gas having an oxygen 
concentration below 50 ppm so that the oxygen partial pressure is 
of the order of 50 of Hg. When the coal is heated, as in the 
cases for which the CO release rate was measured, bursts of 
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oxygen release occur at about 121, ^J'j^L™^ Jfr^jlU^te* elpt^J, 

removing oxygen to yield a low viscosity liquid hydrocarbon 
product fro* a pyrolysis system has now been demonstrated in ten 
different tests with a small pyrolysis system. When a test tube 
containing the product liquid is shaken, the liquid is not a 
heavy black tar but appears to have the viscosity of No. 2 fuel 
oil, i.e.. not much greater than water. Six other tests with the 
same pyrolysis system but without the pretreatment have all 
yielded only a heavy black tar with a viscosity so high that it 
has taken many seconds for a few cubic centimeters to flow from 
one end of a test tube to the other with an inclination of about 
20 deg. 

Pol ymeri ™* -i on Me chanisms 

A key element in the inventors' development of this new 
pretreatment concept is the discovery that there appear to be two 
distinctly different contaminants that are responsible for the 
production of the heavy black tars that have plagued all previous 
coal pyrolysis systems. The first contaminant is in the form of 
fine particles of char (a specie of activated carbon) that act as 
catalysts to polymerize unsaturated liquid hydrocarbons at a 
relatively slow rate over a period of days or weeks at room 
temperature. The second contaminant is free oxygen which at 
pyrolysis process temperatures forms active ions that trigger 
rapid polymerization reactions that take place in times of the 
order of a second. Thus the first step in avoiding heavy tar 
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formation is the use of a vibration-f luidized bed to reduce the 
solid particle content of the pyrolysis vapor by a factor of at 
least 10,000 over that for gas-f luidized beds. This is a 
necessary but not sufficient condition; it is also essential that 
the oxygen concentration in the pyrolysis retort be Kept to 
extremely low levels. To accomplish this the oxygen content of 
the sweep gas must be Kept below about 50 ppm, and the adsorbed 
or loosely bound oxygen in the coal fed to the process must be 
largely removed by a pretreatment process as described in this 

patent application, 
si gnific ant observations 

one of the most significant observations made in the course 
of the inventors' experiments was that in a glass retort test a 
yellow fog of aerosol droplets began to form a few millimeters 
above the free surface of the coal and was carried off to the 
condenser with the sweep gas. A darK orange varnish deposit 
appeared on the glass walls of the retort and the passages to the 
condenser, and a viscous darK liquid deposit built up on the ice- 
water-cooled wall of the condenser. When an oxygen meter was 
procured it was found that laxity in refilling a nitrogen 
cylinder at the gas supplier had given an oxygen content of 53 
ppm in the nitrogen instead of the 3 ppm maximum nominally 
specified. This test showed the rapidity with which a small 
amount of oxygen in the nitrogen sweep gas induced polymerization 
of light hydrocarbon vapors into tars whose boiling point was so 
high that they immediately condensed into micron-size droplets 
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hefore the vapor ha d »ovea into a iower t-perature re g ion The 

of coa! parties was ahout 3 ™ /S — , that the aeroso 

par ticies were *" ^ * M ** ^ ' , 

experiments microscopic examinations ~* ~ ^ 

dropl ets of tar were sufficient^ stic*y -t they ~« * 
aggl omerate into dusters an, aepo.it out on - » - 

co«» ly as dusters o f microspheres, simiiar aeposrts o tar 

was ohservea where g lass elements permittea afreet 
observations. 

Th e use o £ freshly-crushea coai coupiea with a arym g heat 

treatment haa avoiaea heavy tar nation in some ««. coai 

-~ -i q q o in these tests 
, • fo,t, carried out by R. Graves in 1983. In 
pvrolysis tests carrieu j 

rpv^o inventors carried our a 
and swept with high purity argon. The invento 

• n =i™ilar drying operation for a vibrating system test, 
seemingly similar drying u F 

hl „ plt tar However, the ORNL drying was carried 
but got heavy black tar. hows 

out in an aroon atmosphere with a stron, sweep g as ft- of pure 
arg o, whereas the coai aryin, for the inventors' test was aone 
in air, which permittea continuous oxiaation ana/or CO .or.at.on 

Kxperiments by previous investi g ators have inciuaea .any 
other measures that mi g ht serve to improve the .uaiity of the 
proauct Hquia by reaucin, the amount of unsaturatea 



- 18 - 




hy drocarbons. These measures include -^5^ ^ ^ 
than nitrogen, e.g., hydrogen, steam, co, A methane, or a good 4 
hydrogen donor such as tetralin (see Figure 2) , and will be 
investigated in future tests. Different types of coal are likely 
to behave differently, and the temperatures used at different 
stages in the process may prove important. Yet another factor 
may be the heating rate. 

Arrangements were made for analyses of samples of the liquid 
and gaseous products from a pyrolysis test run with pretreated 

rarried out by personnel at NREL who 
coal. The analyses were carried out uy y 

have been working on the pyrolysis of wood wastes . A mass 
spectrograph test of the liquid yielded Figs. 8 and 9 from which 
they prepared Table 1. Table 2 summarizes the results of the 
NREL tests of the gaseous product. A particularly significant 
result is that the mass spectrograph^ analysis of the liquid 
product showed no sign of sulfur, sodium, or potassium, hence 
this liquid should be usable as a gas turbine fuel with no need 
for refining other than possibly a simple filtration operation. 
However, the product liquid should be fed to burners within 3 
weeks of its production because after 3 weeks it begins to 

polymerize and become viscous. 

. y^rho. t~... in the Pretr^tment Process 

Three charts have been prepared to make quick estimates of 
the possibility of serious losses of the lighter hydrocarbons in 
the sweep gas if one looks simply at their vapor pressures. 
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Actual losses should be much lower because these hydrocarbon 
groups are chemically bound in the coal polymer, but the bonds 
for some are sufficiently weak so that they may be broken at 
temperatures below 316-C (.oo-F). M they are released fro, the 
polymer, and if the nitrogen sweep gas flow is made sufficiently 
high to carry off water vapor and oxygen expeditiously , these 
charts show that hydrocarbons in the motor fuel volatility range 
have vapor pressures sufficiently high that appreciable 
quantities may be carried of f in the sweep gas . Thus a key 
question is the rate at which lighter hydrocarbons may be 
released from the polymer as a function of temperature. 

The first chart, Figure 10, is for the vapor pressures of 
some typical lipids as a function of temperature. This was 
prepared to investigate the question for short periods of coal 
exposure at pretreatment temperatures. It shows that the vapor 
pressures of motor fuel hydrocarbons can easily run in the range 
10 to 100 mm in the 100 to 500'F temperature range, 
instrumentation is available to obtain rapid responses to 
hydrocarbon concentrations in nitrogen in the range of 10 to 
30,000 PP m. While these instruments normally read in percent or 
in ppm by volume, the construction of charts is simplified if the 
values are in terms of ppm by weight rather than by volume. 

Figure 11 was constructed from Figure 10 to show the 
hydrocarbon concentration in nitrogen expressed in ppm by weight 
as a function of the vapor pressure for some typical species 

~^~v.4- pimirp 12 was derived from 
differing widely in molecular weight. Figure 
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Figure 11 to give the hydrocarbon emissions in terms of grams per 
minute per gram of coal as a function of the hydrocarbon 
concentration in ppm by weight. Values are plotted for a series 
of sweep gas flow rates expressed as cubic centimeters per second 
per gram of coal in the retort. The formula used in preparing 
each chart is shown at the top of the chart. 

These charts show that one can easily lose the bulk of the 
lighter hydrocarbons obtainable from coal if they are released 
from the polymer. Thus the key question becomes the rate at 
which they are released from the coal polymer as a function of 
temperature. One suspects that each specie may be released in 
little bursts as is the case with CO. 

Amount of nv yaen to P roduce a Substantial Amount of Tar 

A key question is the amount of oxygen contamination that 
might produce a significant amount of heavy black tar. If one 
assumes a molecular weight for the tar of 3200, and that one atom 
of oxygen might induce the polymerization of a molecule of tar, 
the weight of oxygen would run 0.5% of the tar. Turning to 
sources of oxygen, Table 3 gives data for the removal of oxygen 
from a coal sample by degassing at temperatures up to 600°F; the 
oxygen removed ran 0.178% of the product liquid. Other tests 
gave similar values. If the nitrogen sweep gas is contaminated 
with 50 ppm of oxygen as in the case of Table 3 , the amount of 
oxygen would run almost ten times greater, or about 1% of the 
product liquid. These very crude estimates indicate that the 
amounts of oxygen in the nitrogen sweep gas during the pyrolysis 



process and the amount of oxygen removed from the coal in the 
pretreatment process may be sufficient to explain the tar 
formation. Further, note that observations in some glass system 
tests showed that films of tar on the condenser-test-tube wall 
were too viscous to flow, but, when the test tube was shaken, the 
low viscosity liquid in the bottom of the test tube quickly 
washed the viscous tar off the walls. Thus the viscosity of the 
hydrocarbon liquid product of pyrolysis is doubly sensitive to 
the formation of a small amount of tar because any tar that is 
formed reduces the amount of solvent available to reduce the tar 
viscosity. Anyone who has poured a little gasoline into roofing 
tar knows that it doesn't take much gasoline to thin the tar from 
a stiff paste to a liquid that handles well with a paint brush. 

The pretreatment process for removing the oxygen that would 
otherwise be evolved from the coal as molecular oxygen during the 
coal pyrolysis process entails sweeping the coal particles with a 
gas containing less than 100 ppm of oxygen while heating the coal 
to around 200°C (392"F). While this might be done in many 
different ways, a typical system employing a complex-mode 
vibration-fluidized bed is shown in Figure 1. The vibratory mode 
should be chosen to provide good continuous mixing of all of the 
coal particles in the bed with the sweep gas, and a narrow spread 
in the transit times of the particles circulated through the bed 
so that they are processed to give a uniformly low content of 
oxygen that will be released as molecular oxygen during the 
pyrolysis process. This also implies that the vibration mode 



- 22 - 



should be such that the particles will be heated rapidly to the 
pretreatment process temperature, and that the bed temperature 
should be uniform. Further, the bed temperature should be 
controlled to be sufficiently high and the residence time 
sufficiently long to remove most of the molecular oxygen and thus 
reduce the oxygen release during pyrolysis to an acceptable 
level. At the same time, the pretreatment temperature should 
not be so high or maintained so long as to result in serious 
losses of hydrocarbon vapors. Appropriate values for these 
parameters will depend on the particular coal being processed as 
well as the market price dependence on the quality of the product 
liquid. Other factors influencing these choices include the 
character and features of the particular pyrolysis process and 
the effectiveness of additives to the liquid product. For 
example, additives such as hydrogen donors like tetralin may be 
desirable as a means of extending the storage life of the liquid. 

The bed for the pretreatment process might be heated in any 
of many different ways including gas-firing, electric resistance, 
or microwave heaters. The system chosen for heating the bed of 
Figure 1 is a by-pass stream of hot sorbent particles circulated 
from a fluidized bed combustion furnace so that the sorbent flows 
directly into the stream of coal particles to be heated. In this 
instance the pretreatment bed will serve as both a dryer for the 
coal and a means for removing oxygen. This arrangement will 
provide a low-cost source of heat with no need for heat transfer 
surfaces, and will heat the particles to the design bed 
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temperature in only a few seconds. It has been demonstrated in 
cold flow tests that complex-mode vibration-f luidized beds can be 
operated to give particle motions and flow patterns that provide 
the desired characteristics of rapid mixing rates with relatively 
narrow spreads in particle transit times. 

The various systems that might be employed for coal 
pyrolysis processes differ so widely that the particular design 
of vessel for the pretreatment process could take many different 
forms, and the same is true of the means chosen for accomplishing 
the heating. However, the purpose of the operation would be the 



same, namely; removing adsorbed and 



bonded oxygen from ^-Z!-?? 



the coal by heating the coal to a temperature in the 200 "C range 
while maintaining a low partial pressure of oxygen in the 
particle bed by evacuation or with a sweep gas having a low 

oxygen content . 

While the invention has been described with reference to 
specific embodiments, modifications and variations of the 
invention may be constructed without departing from the scope of 
the invention, which is defined in the following claims. 



- 24 - 



